[1] We map the thermal state of the North American mantle between depths of 50 and 250 km by inverting P and S velocities of three recent seismic tomographic models. In the well-resolved regions, temperatures derived from P velocities agree with those derived from S velocities within the estimated uncertainties, and generally, the seismic temperatures are in agreement with those inferred from surface heat flow. Adiabatic mantle temperatures are found as shallow as 50 km under most of the Basin and Range. Warm, subsolidus mantle and known crustal structure can account for the high average elevation and large-scale variations in topography of western North America. In the cratonic mantle beneath the stable eastern part of North America, temperatures at 50-100 km are on average 500°C cooler than under the tectonic western part of the continent and adiabatic mantle temperatures are not reached until 200 -250 km depth. To balance the effect on topography of the thermally implied density increase for the North American craton, we infer a compositionally induced density decrease equivalent to a 1% depletion in iron over a depth interval of 50 -250 km. In regions where T P differs significantly from T S we drop our assumption that variations in seismic velocity are only due to thermal structure. A discrepancy between T P and T S between 50 and 150 km depth under the Cascades and the Gulf of California can be accounted for by the presence of 1 to 2 vol % of fluids and/or melt. Another such discrepancy beneath Wyoming remains enigmatic.
Introduction
[2] The geology of the North American continent and the geophysical properties of the lithosphere and shallow mantle grossly divide the continent into a tectonically active western part and a stable eastern part. The dividing line between east and west coincides more or less with the Rocky Mountain Front (Figure 1 ). This division is also present in global seismic velocity models where low upper mantle velocities are found under the western United States and high-velocity upper mantle underlies eastern North America [e.g., Grand, 1994] . Furthermore, the western United States is characterized by high surface heat flow [Morgan and Gosnold, 1989] , low-amplitude magnetic anomalies and negative long-wavelength Bouguer gravity [Kane and Godson, 1989] , thin crust [Braile et al., 1989; Mooney et al., 1998 ] and low crustal P n and S n velocities [Braile et al., 1989; Nolet et al., 1998 ]. All these properties indicate a warm uppermost mantle. High temperatures in the uppermost mantle have also been held responsible for the high elevations of western North America [e.g., Kane and Godson, 1989; Kaban and Mooney, 2001] . In contrast, the eastern part of the continent is characterized by low relief, low to very low surface heat flow [Morgan and Gosnold, 1989] , significant short-wavelength magnetic and gravity anomalies which seem to correlate with old ($1 Ga) tectonic features [Kane and Godson, 1989] , thick crust, and high crustal and shallow mantle velocities [Braile et al., 1989; Mooney et al., 1998; Nolet et al., 1998 ].
[3] The last tectonic activity in eastern North America is related to the Appalachian orogeny . The interior United States has been stable since the Grenville orogeny and the formation of the Midcontinent Rift around 1 Ga. This rift runs from the central plains in Kansas NNE to Lake Superior and continues under Michigan. The Superior province was formed around 2.7 Ga. The far inland deformation of the western United States during the Laramide orogeny (75 -35 Ma) reached as far west as the Archean Wyoming craton. Laramide compression is generally attributed to basal traction during a phase of very shallow subduction [e.g., Atwater, 1989] . At $40 Ma, Basin and Range extension started and subduction steepened and was gradually replaced by Pacific-North America transform motion, resulting in a growing slab gap [Dickinson and Snyder, 1979; Atwater, 1989] . Subduction is still continuing today under the coast of Oregon and Washington and Central America. The Yellowstone caldera has the highest continental heat flow values measured anywhere and is strongly volcanically active. Yellowstone volcanism is thought to be associated with a mantle plume, which has, over the last 16 Myr, formed a hot spot track in the Snake River Plain. Recent (Holocene) volcanism is documented all over the U.S. west of the Rocky Mountain front [Simkin and Siebert, 1994] .
[4] Humphreys and Dueker [1994a] used P wave velocity anomalies [Humphreys and Dueker, 1994b] and a qualitative comparison with surface heat flow and topography to estimate temperature, composition and amount of melt in the shallow mantle under the western United States. They proposed a model of a cool thermal lithosphere under the coastal regions and a lithosphere affected by melting processes under the interior western United States. They interpreted low-velocity anomalies under the Basin and Range to be caused by the presence of 1 -3% of melt, while high-velocity anomalies were attributed to iron depletion by melting processes. They held the density reduction associated with melt and iron depletion responsible for the high topography of the western United States. Most other temperature estimates for the North American lithosphere are based on the analysis of surface heat flow observations. For example, high and nonsteady state lower crustal temperatures were inferred under the Basin and Range and the Rio Grande Rift [Lachenbruch et al., 1994; Decker, 1995; Artemieva, 1996] . Petrological data and surface heat flow modeling predicted Moho temperatures of 800 -1000°C under the Colorado Plateau and most of the southern Rocky Mountains [Decker, 1995; Artemieva, 1996] . A global study of temperatures from heat flow under Precambrian areas [Artemieva and Mooney, 2001] gives temperatures as low as 500°C at 50 km depth under the North American craton and a thermal lithospheric thickness (defined as the depth of the 1300°C isotherm) of 200 -250 km.
[5] In this paper we map the thermal state of the uppermost North American mantle by inverting seismic P and S velocities for temperatures between depths of 50 and 250 km. Our study is motivated by the availability of improved models of the seismic structure of the upper mantle under North America and the availability of both P and S velocity models. We compare temperature estimates from P and S velocities with each other and with lithospheric temperatures inferred from surface heat flow. Initially, we assume that variations in seismic velocities are solely due to variations in mantle temperature. The comparison between temperatures independently obtained from P and S velocities and from heat flow allows us to test this assumption and evaluate whether additional factors, e.g., the presence of fluids or anisotropy, are influencing seismic velocities of the shallow North American mantle. Three velocity models are used, the North American S velocity model NA00, the global P velocity model BSE-NL [Bijwaard and Spakman, 2000] and the western U.S. P velocity model of Dueker and coworkers [Dueker, 1999; Dueker et al., 2001] . The temperatures from surface heat flow are from published geothermal modeling studies as well as from one-dimensional (1-D) steady state modeling using surface heat flow data from the global heat flow database [Pollack et al., 1993] . Because of coverage and resolution, only the S velocity model can be analyzed for temperature under the North American continent from southern Canada to Mexico. A comparison with heat flow and P velocities from BSE-NL is made where possible. A more detailed of analysis is made of temperatures under the western United States, where the tomographic models have the best resolution and the model of Dueker provides additional constraints on P wave velocity.
Seismic Velocity Models
[6] NA00 (S. van der Lee et al., manuscript in preparation, 2001 ) is based on waveforms from S and surface wave trains from 794 vertical component, broadband seismograms, including those used for NA95 [van der Lee and Nolet, 1997b] , which were jointly inverted for 3-D S wave velocity structure and Moho depth. In NA00 trade-offs between Moho depth, crustal and subcrustal velocities are reduced by including independent constraints on Moho depth from the database compiled by Chulick and Mooney [1998] . Although NA00 does not significantly alter the waveform fits compared to model NA95, it does provide a better estimate of subcrustal velocities, which is important in estimating lithospheric temperatures. The minimum horizontal resolution length is around 200 km. Some smearing along the mostly horizontal wave paths occurs under the Atlantic Ocean and under Canada where wave path coverage is reduced [van der Lee and Nolet, 1997b] . Depth resolution is of the order of 50 km in the shallow mantle. Amplitudes of the velocity anomalies are well recovered in the upper 250 km but more damped in the lower part of the model [van der Lee and Nolet, 1997b] .
[7] One P velocity model we use is the North American part of the global mantle velocity model named BSE-NL [Bijwaard and Spakman, 2000] (Figure 2b ), which is an upgrade of model BSE98 [Bijwaard et al., 1998 ], obtained with a nonlinear inversion technique that performs 3-D ray tracing after each iteration. The model is based on the reprocessed International Seismograph Centre (ISC) arrival time data set ] for the seismic phases P, pP, and pwP. Because of the use of a variable grid the model yields well-resolved regional velocity structure in areas of dense data coverage. In the western United States this model has a minimum horizontal resolution length of around 100 km. Vertical resolution is of the order of 50 -100 km. In the shallow mantle the mostly vertically traveling rays result in some vertical smearing of velocity anomalies. Although shallow mantle velocities are well resolved under part of the eastern United States, resolution deteriorates under the stable craton due to lack of data ( Figure 2b) .
[8] The second V P model is the western U.S. model that we will refer to as WUS00 [Dueker et al., 2001; K. G. Dueker, personal communication, 2000] . This model amalgamates the various upper mantle P velocity models for the western United States of Dueker and coworkers [Dueker et al., 1993; Humphreys and Dueker, 1994b; Dueker, 1999] . WUS00 is a regional model based on a large data set of teleseismic P and PKIKP travel times from several permanent and temporary arrays in the western United States. These arrays offer a dense data coverage for most of the western United States. A set of corrections for crustal structure using station statics, for Earth structure outside the region of interest using event statics and for timing differences between arrays using array statics, is applied. The resulting velocity model resolves features with horizontal dimensions as small as 50 km. Resolution varies laterally due to variable ray coverage. Vertical resolution is 50 -100 km in the regions of better ray coverage. Because this regional model is based on locally corrected teleseismic data, it has little sensitivity to the regional background structure. The model extends down to 700 km, with the best resolution in the upper 400 km.
Inversion of Seismic Velocity for Temperature
[9] We invert seismic velocities for temperature using the procedure described by Goes et al. [2000] . This procedure is based on an infinitesimal strain approximation for the calculation of The elastic constants and density and their dependence on T, P, and composition are taken from the mineral physics literature (see Goes et al. [2000] for the parameter values and references). The infinitesimal strain approximation significantly simplifies the calculation of velocity to temperature derivatives and is a reasonable approximation down to $200 -250 km depth.
[10] Important in evaluating the sensitivity of velocity to temperature is the inclusion of the nonlinear effect of anelasticity [Karato, 1993; Sobolev et al., 1996] . At temperatures approaching the solidus, anelasticity may double the value of the partial derivative @V/@T, making it necessary to include this effect in evaluating low-velocity anomalies, although the experimental parameters describing anelasticity are less than optimally constrained [e.g., Karato and Spetzler, 1990] . Consistent with seismological observations we assume that attenuation is dominated by shear attenuation, Q S . Bulk attenuation is taken to be 1000 or equal to Q S when Q S is higher than 1000. We use two different Q S anelasticity models that span a range of the experimental results [Goes et al., 2000] . Q 1 is a more average estimate of the temperature sensitivity of Q S [Sobolev et al., 1996] and Q 2 , which is based on the experimental parameters for synthetic forsterite [Berckhemer et al., 1982] , represents a strongly temperature-dependent endmember. The parameters for Q 2 were measured near the solidus, but anelasticity does not appear to be affected by the presence of melt (at least at the low melt fractions expected in the mantle) [Berckhemer et al., 1982; Karato and Spetzler, 1990] .
[11] Forward calculations indicate that temperature is the main parameter affecting seismic velocities in the depth range 50 -250 km [Jordan, 1979; Nolet and Zielhuis, 1994; Sobolev et al., 1996; Goes et al., 2000] . Therefore P and S wave velocities are inverted independently for mantle temperature. An iterative conversion similar to the procedure by Sobolev et al. [1996] is performed to take into account the temperature dependence of @V/@T. Because of this nonlinear dependence of velocity on temperature we cannot interpret velocity anomalies but invert absolute velocities for absolute temperatures. Uncertainties in the absolute temperature estimates based on uncertainties in the experimental parameters are estimated to be 100 -200°C, but uncertainties in lateral variations in temperature are less [Goes et al., 2000] . Both thermal models were smoothed over a length scale of 300 km using a moving Gaussian window. Temperatures may be unreliable in the hatched regions where T S and T P differ by more than 150°C. The acgl composition and Q 1 anelasticity model were used for the interpretation of the seismic velocities. See color version of this figure at back of this issue.
[12] Although temperature is the dominant effect, we perform inversions with different mantle compositions to illustrate this effect. The three compositions we used are summarized in Table 1 . They represent a nondepleted mantle composition, primitive garnet peridotite (pgp) [McDonough, 1990] , a somewhat depleted composition which Jordan [1979] defined as an average continental garnet lherzolite composition for the lithosphere (acgl) and a strongly depleted composition (arch) inferred from xenoliths from Archean cratons [Griffin et al., 1999] . The experimental parameters used are listed and discussed in more detail by Goes et al. [2000] . Composition is an important factor for seismic velocities in the crust. However, none of the tomographic models that we use has good resolution for crustal structure, and we interpret only mantle seismic velocities.
[13] Where temperatures above the solidus are found, the effect of melt has to be considered. The presence of melt and other fluids (e.g., water) lowers both V P and V S but the effect on V S is stronger than the effect on V P [Schmeling, 1985; Hammond and Humphreys, 2000] . If such fluid-affected velocities are interpreted in terms of temperatures, the temperatures obtained from V S will exceed those obtained from V P since the relative sensitivity to temperature of V S and V P , (@ ln V S /@ ln V P ) is less than the relative sensitivity to the presence of fluids. The effect of melt can vary between $0.5 and 14.5% velocity decrease per percent melt depending on the geometry of the melt pockets and on whether they are connected or not [Schmeling, 1985; Hammond and Humphreys, 2000] .
[14] The presence of water may affect the velocities even at temperatures below the solidus, be it as free water, or in hydrated minerals which generally have a significantly lower velocity than average mantle minerals [Sobolev and Babeyko, 1994; Bass, 1995] . Anelasticity, since it appears to be creep related [Karato and Spetzler, 1990] probably depends on temperature relative to the melting temperature in a similar manner as rheology does. Therefore the presence of water which lowers the melting temperature will decrease Q S and increase @V/@T [Karato and Jung, 1998 ].
[15] Finally, the presence of seismic anisotropy may bias our temperature estimates that are based on the assumption that the velocities mapped are average isotropic values. Anisotropy will bias isotropic velocity estimates in areas where seismic sampling is dominated by one propagation or polarization direction. Sobolev et al. [1999] studied the bias that anisotropy may have on isotropic velocity estimates from teleseismic P wave tomography. They suggest that while thermal and compositional effects on velocities should have correlated effects on P and S velocities, anisotropy would have disparate effects. The use of both V P and V S may thus allow for the identification of anisotropy. V P estimates used here are based on predominantly vertically propagating P waves and the V S estimates are based on horizontally propagating Rayleigh waves from many different azimuths.
Comparison of Temperature Estimates
[16] We first discuss uncertainties in the temperature estimates and compare the temperatures inferred from V P (from BSE-NL) and V S (from NA00) with each other and with temperatures in the conductive lithosphere as obtained from surface heat flow. The interpretation of the mantle temperatures and comparison with the smaller-scale velocity model WUS00 is discussed in section 5.
Effect of Composition and Anelasticity
[17] Figure 3 shows our average geotherms for the eastern region encompassing the Midcontinent, the Superior and the Grenville provinces, and the western region comprising the Columbia Plateau/Snake River Plain, the Basin and Range and the Colorado Plateau. For reference, Figure 3 shows a mantle adiabat with a 1300°C surface temperature which is thought to be a reasonable estimate of temperature of the asthenosphere [McKenzie and Bickle, 1988] , as well as the wet and dry peridotite solidi [Thompson, 1992] . A geotherm estimated from V P is only shown for the western United States since resolution is poor in much of the region comprised in the eastern U.S. average. These average geotherms show a difference of $500°C at the shallowest depths between the western and eastern part of the continent. The difference in temperature persists down to $200 -250 km depth.
[18] Curves 1 and 2 illustrate the effect of two different compositional models. Curve 1 was calculated using a primitive mantle composition (pgp, Table 1 ) and gives the lowest temperature estimates, curve 2 was calculated with a strongly depleted composition (arch) and gives the highest temperatures. The shaded Temperatures inferred from the S wave velocities of NA00 (T S , solid lines with dark shaded uncertainty range based on uncertainties in the experimental parameters) and (for western North America only) temperatures inferred from V P of BSE-NL (T P , dashed lines with light uncertainty range) are shown for depths larger than 50 km. The gray lines show the positions of the wet and dry peridotite solidi [Thompson, 1992] , the bold dotted line is a mantle adiabat with a potential temperature of 1300°C. Three different seismic geotherms are shown: curve 1, using a primitive peridotite composition (pgp, Table 1 ) and average anelasticity model Q 1 [Sobolev et al., 1996] ; curve 2, using a strongly depleted peridotite composition (arch, Table 1 ) and average anelasticity model (Q 1 ); and curve 3, using a primitive garnet peridotite composition (pgp) and strongly temperature-dependent anelasticity model Q 2 [Berckhemer et al., 1982] . The shaded region illustrates the uncertainty in temperatures estimated with a more average continental peridotite composition (acgl, Table 1 ) and Q 1 . The effect of composition falls completely within this uncertainty range. The anelasticity model only affects the highest-temperature estimates.
region shows the uncertainty range of temperatures calculated using the average somewhat depleted composition (acgl), which we use in the remainder of this paper unless noted otherwise. The uncertainties are based on uncertainties in the mineralogical parameters used in the inversion from velocities to temperature [Goes et al., 2000] . There is an influence of composition on the estimated temperature and this effect is largest in the cold regions where anelasticity plays a small role. However, the resulting temperatures differ by only 100 -200°C and all fall within the uncertainty range of the temperature estimated with the acgl composition. Compositional models pgp and arch span the range of plausible average mantle compositions. Other mantle rocks such as hydrated phlogopite peridotites or eclogites have stronger seismic signatures but are unlikely to determine velocities averaged over 100 -200 km length scales. The transition from spinel to garnet peridotite which occurs within a 60 -80 km depth range will also have a small effect on the seismic velocities, but this falls within the range that is spanned by the compositional models used in Figure 3 [ Goes et al., 2000] . The presence of plagioclase peridotite would have a stronger effect, but it transforms to spinel peridotite at $30 km depth.
[19] Curves 1 and 2 in Figure 3 have been computed using anelasticity model Q 1 . Curve 3 is for the same composition as curve 1 (pgp) but for anelasticity model Q 2 , which has a relatively extreme dependence on temperature. Although the parameters for anelasticity are much less well constrained than those of the elastic parameters and density, we think the difference between models Q 1 and Q 2 gives a reasonable assessment of the uncertainty that the anelasticity model introduces in the temperature estimates [Goes et al., 2000] . Using Q 2 has a negligible effect on the temperature under the relatively cool eastern United States but affects the estimates of temperatures that are within a factor of 0.8 -0.9 of the mantle solidus, such as under the Basin and Range. It can be seen (Figure 3 ) that differences between T P and T S under the western United States fall completely within the uncertainty range of the anelasticity models.
Comparison of T P and T S
[20] Temperatures at 110 km depth inferred from V P (from BSE-NL) and V S (from NA00) are shown in Figures 2c and 2d . Comparing the temperatures from these two velocity models is not straightforward. First, the P velocity model resolves smaller-wavelength features than the S velocity model (Figures 2a and 2b ). To make a visual comparison easier, we have smoothed both T P and T S in Figure 2 with a moving Gaussian window with a diameter of 300 km. Second, the P velocity model BSE-NL does not have much resolution in the Midcontinent and thus does not show the strong contrast between the western and eastern United States which is the first-order feature in the S velocity model NA00.
[21] To quantitatively compare the two temperature models, we averaged temperatures from V P and V S (unsmoothed) within circles of a radius of 100 km (Figure 4 ) and compare averaged T P and T S ( Figure 5 ). The circles were distributed so as to capture the main resolved features of the two velocity models. The circle radius of 100 km is a compromise between the scale of the well-resolved anomalies and the scales that can be resolved by the different tomographic inversions. T P from BSE-NL and T S from NA00 agree within 150°C for two thirds of the regions at 50 km depth, for three quarters of the regions at 100 km and for all the regions below 100 km depth ( Figure 5 ).
[22] At 50 km depth, part of the scatter may be due to remaining trade-off between mantle velocities near the Moho and crustal structure. The differences in Moho depth between NA00 and NA95 are up to 10 km. Temperatures calculated from the two models show that at a comparable data fit, a 10-km change in Moho depth results in a change in temperature estimate of up to 300°C at 50 -70 km; that is, the effect is certainly large enough to account for the scatter. Below 70 km depth, V S and T S are hardly affected by trade-off with Moho depth. V P in the shallowest mantle layer (centered around 50 km depth) may also be affected by unmodeled crustal structure.
[23] Most of the regions where T P and T S disagree at 50 km are, however, the same as those where T P and T S disagree at 100 km, suggesting a noncrustal origin. Narrow high-velocity anomalies, e.g., under Oregon/Washington (circle 2) and under California (circle 3) cause discrepancies since they are not well resolved in NA00. This is due to (1) their relatively small scale and (2) the higher sensitivity of spatially averaged V S to nearby lower-velocity regions, which is the result of the nonlinear dependence of @V/@T on T. Spatially averaged velocities are an underestimate of the velocity corresponding to the averaged temperature, and this effect is stronger for V S than for V P . Figures 2c and 2d , where the smoothing window has removed small-scale features, show where larger-scale differences between T P and T S exist and temperature estimates may be incorrect. Four regions with significant T P ÀT S discrepancies are identified: overlying the Cascadia slab (including circle 2), below the Gulf of California, under the northern Colorado Plateau and Wyoming (including circles 14, 9, and 8) and at the border of the Midcontinent region. Resolution tests show that the amplitudes of the V P velocities in this region tend to be more underestimated than elsewhere (W. Spakman, personal communication, 2000) . Therefore much of the T S ÀT P discrepancy under the Midcontinent is probably due to insufficient resolution.
[24] Thus NA00 and BSE-NL give temperatures that agree within their uncertainties where both models have good resolution, with the exception of the Cascadia mantle wedge, the mantle at 50 -100 km depth under the Gulf of California and the shallow mantle under Wyoming. In these regions, temperature is probably not the only factor influencing seismic velocities.
Comparison With Temperatures From Surface Heat Flow
[25] Surface heat flow measurements have shaped the general view of the thermal structure of the conductive lithosphere. Here we compare our seismic temperature estimates with the independent temperature estimates obtained from surface heat flow.
[26] Artemieva and Mooney [2001] published global maps of temperature at 50, 100, and 150 km depth. In the eastern part of North America their temperatures are from steady state geothermal The high shallow seismic temperatures are, however, consistent with regional heat flow analyses that attribute high heat flow values in the Basin and Range [Lachenbruch et al., 1994] and in some parts of the southern Rocky Mountains/Rio Grande region [Decker, 1995] to high temperatures at the base of the crust. There is a strong lateral variation and under other parts of the western United States (e.g., Colorado Plateau and other parts of the southern Rocky Mountains) geothermal modeling has yielded temperatures below 1000°C at 50 km depth [Decker, 1995; Artemieva, 1996] .
[27] For a point-by-point comparison similar to that done for T P and T S we determined temperatures at depth from the global heat flow database [Pollack et al., 1993] . Heat flow values were averaged over the same 100 km radius circles of Figure 4 . We use Chapman's [1986] family of steady state conductive geotherms which are based on the assumption that crustal heat production is responsible for 40% of the surface heat flow [Pollack and Chapman, 1977] . Below the conductive lithosphere, heat flow derived temperatures are assumed to follow a 1300°C mantle adiabat. The smoothing of the surface heat flow over the circles in Figure 4 somewhat reduces local effects of ignored subsurface advection and lateral variations in heat production. In addition, we assign a relatively large uncertainty of ±20% to the surface heat flow to encompass the effect that the uncertainties in the various thermal parameters [Chapman, 1986] have on the geotherms. We exclude circles 6, 20, and 22, where low heat flow values are known to be associated with shallow fluid flow [e.g., Morgan and Gosnold, 1989] . For circles 21, 24, 31, and 32, there are no heat flow data.
[28] The correlation is shown in Figure 6 for temperatures at 50 km depth. Our heat flow temperature estimates give adiabatic temperatures at 50 km depth in several parts of the western United States. Although the assumption of a steady state thermal state is debatable for many of these regions, nonsteady state models [Lachenbruch et al., 1994; Decker, 1995] give similarly high temperatures at 50 km depth. There is more scatter in T P, S versus T q than in the correlation between T P and T S at 50 km depth ( Figure 5 ). Influence of crustal structure on subcrustal seismic velocities and improperly modeled crustal contributions to surface heat flow may play a role in the scatter, as discussed above. However, for the correlation between T P and T q only 20% of the points fall outside a range of ±200°C. Three of these points lie in California (circles 3, 4, and 11), where stronger lateral variations are seen in the heat flow than can be resolved in BSE-NL or NA00. The more detailed model WUS00 does show lateral variations in seismic velocity that correlate well with those in surface heat flow [Humphreys and Dueker, 1994a] . The only other significant outlier is a point in the northern Rockies (circle 12), where heat flow values are locally high. This may be a local effect of crustal properties as documented for the southern Rockies [Decker, 1995] . The correlation plot of T S and T q has more outliers, $40% of all points. Half of these outliers are for the same points where T P and T q disagree, and T S and T q probably disagree for the same reasons. Almost all of the other points are points where T P and T S also disagree at 50 km. These are discussed in detail in section 4.2. The agreement between T P and T q for the points where T P and T S 0 1000 0 1000 50 km Figure 6 . Comparison of temperatures estimated from surface heat flow and from seismic velocities. Temperatures at 50 km estimated from surface heat flow (T q ) by extrapolating down along steady state geotherms against temperatures from seismic velocities (T P from BSE-NL and T S from NA00 using acgl and Q 1 ). Surface heat flow data are from the Global Heat Flow database [Pollack et al., 1993] . Error bars for seismic temperatures illustrate the variation within the circles shown in Figure 4 . Error bars for T q reflect the effect of a ±20% uncertainty in average surface heat flow. As in Figure 5 , the square outlines the range of temperatures at 50 km depth estimated from North American surface heat flow by Artemieva and Mooney [2001] , and the dashed lines mark the temperature at 50 km depth of a 1300°C mantle adiabat. Agreement of the temperature estimates within 200°C (thin lines) is considered reasonable. If agreement would be perfect the points should fall on the T q = T P, S line (thick solid line). Comparison of the temperatures inferred from NA00 (T S ) and from BSE-NL (T P ) averaged over the shaded circles in Figure 4 . The comparison is shown for several depths. If agreement would be perfect, the points should fall on the T S = T P line (thick solid line). For about two thirds of the regions, T S and T P agree within 150°C (shaded region). Discrepancies can partly be explained by differences in spatial resolution between the two tomographic models but may also indicate that other effects than temperature affect the seismic velocities. Error bars illustrate the variation in temperature within the circles. Temperature estimates are for the composition acgl (Table 1 ) and the anelasticity model Q 1 . The range of temperatures at 50, 100, and 150 km depth estimated by Artemieva and Mooney [2001] from North American surface heat flow is outlined by the square, and the temperature that a 1300°C mantle adiabat reaches at each depth is marked by the dashed lines.
disagree indicates that T P provides a reasonable estimate of mantle temperature for these regions. At a few points in the Midcontinent, T q and T S could be compared where no T P is available. The temperatures agree for these points with the exception of Lake Superior (circle 18). This region has a highly anomalous crust with a large thickness, very low heat production, and high seismic velocities [e.g., Braile et al., 1989; Morgan and Gosnold, 1989; Chulick and Mooney, 1998 ], and therefore T S and T q may both be incorrect. The agreement of T S in the Midcontinent with our T q and with the temperatures determined by Artemieva and Mooney [2001] substantiates that the T S -T P discrepancy under the Midcontinent (Figure 2 , section 4.2) is mostly due to insufficient resolution of the V P anomalies.
[29] Overall, we deem the agreement between temperatures from surface heat flow and temperatures from seismic velocities to be good, given the uncertainties. Especially, the range in temperatures from velocities and heat flow agrees well. This confirms our initial assumption that seismic velocities in the shallow mantle predominantly reflect variations in temperature.
Thermal Structure
[30] For the interpretation of the thermal structure in section 5.1 we concentrate on the structure on a length scale that is well resolved in both NA00 and BSE-NL (i.e., >200 -300 km). In section 5.2, comparison with the smaller-scale model WUS00 allows a more detailed discussion of the mantle structure under western United States.
Continental-Scale Shallow Mantle Temperatures
[31] The large-scale thermal structure (Figure 2 ) is discussed by tectonic region. Selected geotherms from the comparison of T P , T S , and T q are shown in Figure 7 . For locations we refer to Figures 1  and 4 .
5.1.1. Midcontinent/craton.
[32] Significant variations in eastern North American lithospheric temperature are predicted by P and S wave velocities and by surface heat flow data. Morgan and Gosnold [1989] attribute variability in eastern U.S. heat flow (east of the Rocky Mountain front) mainly to crustal structure and shallow groundwater flow and treat the whole eastern part of the continent as one thermal province. However, V S and V P indicate that differences in deeper thermal structure do exist. First, there is a difference of $200 -300°C between the region below the North American craton and the off-cratonic regions of the Appalachians, coastal plains, and western part of the Great Plains (Figure 2 ), even if a difference in composition between the cratonic (more depleted) and off-craton regions (less depleted) is assumed. Second, there appears to be a variability of several hundred degrees within the North American craton (Figures 2c and 7 (top) ). For example, at 50 km depth, temperatures vary between 500 and 900°C. Since the last tectonic activity in the interior eastern United States dates back to $1 Ga, the modeled variations in temperature cannot be thermotectonic in origin, as they would have diffused over timescales of tens to a few hundreds of millions of years. The inferred differences in thermal structure could be the result of variations in lithospheric thickness and coupled to the lateral variations in thickness of the conductive thermal boundary layer. These lithospheric thickness undulations would have to be a relict of Precambrian tectonics and could be preserved due to a buoyant lithospheric composition [Jordan, 1979] and/or high lithospheric viscosity resulting from the extraction of water [Hirth and Kohlstedt, 1996] . For example, some higher temperatures at the western boundary of the Midcontinental region correlate with the position of the Midcontinent Rift, where the lithosphere may be thinned compared to the more stable continent to the east. Geotherms from western North America for the northern Basin and Range (circle 5), the eastern Snake River Plain (circle 6), the northern part of the Rio Grande Rift (circle 13), the Cascades anomaly (circle 2), the Cascadia slab under Washington (circle 1), and the Gulf of California (circle 31).
[33] The lithosphere under the Wyoming craton has a low shear velocity anomaly where V P is high (Figure 2 ). This disagreement between T P and T S (Figure 7 ) is difficult to explain. van der Lee and Nolet [1997b] suggest that the low V S is a manifestation of the craton's anomalous character that has been attributed to extensive metasomatism [Carlson et al., 1999] . Metasomatism can produce low-velocity hydrated minerals but would lower both V P and V S [Sobolev and Babeyko, 1994; Bass, 1995] . Furthermore, the hydrated minerals would need to be present in large enough quantities to produce seismic anomalies on a 100-km scale. Seismic anisotropy might be an alternative explanation, but there is no lattice preferred orientation that would both increase V P from teleseismic body waves and decrease V S from azimuthally averaged Rayleigh waves.
5.1.2. Off-craton eastern United States.
[34] Generally, V P and V S yield consistent temperature estimates here (Figure 2) , including some higher temperatures under the southern Appalachians (circle 20, Figure 7 ) and beneath the Gulf Coast (circle 22). Many of the surface heat flow measurements in the southeastern United States give very low values (10 -30 mW/m 2 ), but this has been interpreted to reflect shallow fluid flow rather than deep temperatures [Morgan and Gosnold, 1989] . This interpretation is corroborated by the not exceptionally low seismic temperatures under this region. The seismic temperatures are 700 -1000°C at 50 km depth (e.g., Figure 7 , curve for the Appalachians), very consistent with the temperatures of 700 -800°C that Artemieva and Mooney [2001] estimated at this depth.
[35] NA00 implies high temperatures in places along the East Coast, specifically under New England (circle 30). At 50 km depth, surface heat flow, V P , and V S provide similar temperature estimates that are not unusually high for the eastern part of the continent (600 -700°C, Figure 7) . By 100-km depth, however, T S has risen to around 1200°C. There is some indication of higher T P along the East Coast as well, but not as high as T S (Figure 2) . The difference between T S and T P could be produced by hydration of the deep lithosphere, as suggested by van der Lee and Nolet [1997b] .
5.1.3. Basin and Range, Columbia, and Colorado Plateau.
[36] A large-scale low-velocity anomaly that extends down to 350 -400 km depth is found under Nevada in both NA00 and BSE-NL. Temperatures estimated for the Basin and Range follow the 1300°C adiabat up to depths as shallow as 50 km (Figure 7) , indicating shallow asthenosphere and very thin lithosphere for this region. These shallow high temperatures extend under the Snake River Plain (Figures 2 and 7) , around the Colorado Plateau and under its southwestern edge, under the Rio Grande Rift area, and under parts of the southern Rocky Mountains (Figure 2 ). V S gives slightly higher temperature estimates than V P and T S has a negative gradient around 100 km depth (Figures 3 and 7) . Higher T S than T P within a depth range of 50 -100 km is the type of signature expected if melt is present. However, the sensitivity to the Q S model (Figure 3) shows that the difference in T P and T S and the negative gradient in T S fall within the uncertainties. Since there is no resolvable disagreement between T P and T S , there is no indication for the presence of melt on a large scale under the western United States as proposed by Humphreys and Dueker [1994a] . However, temperatures are high enough that a small increase in temperature or the addition of some water could lead to melting and the presence of small-scale melt pockets (smaller than the 100 -200 km scale resolved in BSE-NL and NA00) is likely.
[37] Low shear wave velocities continue under most of the Colorado Plateau, although the anomalies vary in amplitude (Figure 2a) . BSE-NL, however, maps high P wave velocities in the central and northern part of the plateau (Figure 2b ) which translate to temperatures as low as 800 -1000°C at 50 km depth. We obtain even lower temperatures (400 -700°C) in the shallow lithosphere of the Colorado Plateau from steady state modeling of surface heat flow. However, the surface heat flow values on the plateau have been interpreted to be transient and to reflect a previous cooler state of the mantle [Morgan and Gosnold, 1989] . T P and T S are consistent below 150 km ( Figure 5) . The difference between T P and T S at shallow depths (Figure 2 ) is probably at least partly due to the fact that NA00 has not resolved the sharp lateral gradients within the plateau mapped by P waves. However, the Colorado T S -T P anomaly merges with that associated with the Wyoming low V S anomaly (Figures 2c and 2d) , and it cannot be precluded that the seismic signature of the lithosphere under the Colorado Plateau (and parts of the Rocky Mountains) has been modified in a similar way as the lithosphere under Wyoming.
5.1.4. U.S. West Coast.
[38] The lowest S velocity anomaly in NA00 (Figure 2a ) is located between 50 and 100 km depth more or less under the Cascades (circle 2 in Figure 4 ). When interpreted in terms of temperature this low V S gives temperatures that exceed the dry solidus (Figure 7 ). Although some low P velocities are mapped in this region as well (Figure 2b ), these do not translate into anomalously high temperatures (Figures 2 and 7) . Nor is the surface heat flow consistent with high mantle temperatures (Figure 7 ) (except locally in volcanic regions). In Japan [Iwamori and Zhao, 2000] , Tonga [Koper et al., 1999] , and South America [van der Lee et al., 2001] , extremely low velocity in the mantle wedge has been attributed to water released from the subducting oceanic plate. It seems likely that much of the low V S anomaly above the Cascadia slab is also attributable to the presence of fluids. The expelled slab fluids will allow the formation of the melt that feeds the Cascade volcanoes, at relatively low mantle temperatures of 1100 -1200°C.
[39] Both velocity models show the horizontal gradient from lower temperatures (700 -1100°C between 50 and 100 km depth) along the California coast up to the Mendocino Triple Junction (at 40°N) to asthenospheric temperatures under eastern California (Figure 2) , and both models show asthenospheric temperatures north of the Mendocino Triple Junction along the coast of Oregon and Washington. More detailed structure is not well resolved in NA00 and is discussed further in section 5.2.
5.1.5. Mexico.
[40] The Gulf of California is characterized by low S wave velocities, which translate into superadiabatic temperatures between 50 and 150 km and adiabatic mantle temperatures below 150 km depth. The bulge in T S near 80 km may well be an expression of the presence of melt, as would be expected in this depth range under a spreading ridge. P velocities do not yield similarly high temperatures (Figure 2) . However, resolution of V P may not be sufficient since the Gulf of California lies on the edge of the well-resolved region of BSE-NL, and the P velocities under the gulf are close to the background model (Figure 2b ). The very high T S makes a contribution from the presence of partial melt to the seismic velocities likely and a positive T S -T P anomaly is consistent with this interpretation.
[41] Under the southern part of the Rio Grande Rift (circle 15), T S reaches the dry solidus at the shallowest depths, T S has a negative gradient between 100 and 150 km, and T P and T S are significantly different. This signature is the same as that of the Cascadia and Gulf of California anomalies, and we consider it likely that here too the velocities are affected by the presence of partial melt, consistent with recent extension and volcanism here. Farther north along the rift, the lateral extent of melt present may be too small to have an expression in the long-wavelength velocity models.
[42] The Sierra Madre Occidental in Mexico is underlain by low P and S velocities, which extend south to about 20°N, the latitude of the Trans-Mexican volcanic belt. The low velocities may extend east and west of the Sierra Madre Occidental, but the lateral extent is not conclusively resolved in either NA00 or BSE-NL. The Sierra Madre Occidental is a relatively undeformed but elevated block within the southern extension of the U.S. Basin and Range Province [Henry and Aranda-Gómez, 1992] . North of the TransMexican volcanic belt, subduction has ceased, and extension similar to that in the U.S. Basin and Range has been ongoing since $30 Ma. The temperatures that we find under the Sierra Madre are similar to those under the Basin and Range farther north; that is, they follow a mantle adiabat between 50 and 250 km depth. Thus the temperatures are consistent with the interpretation of tectonic continuity of the extension north and south of the U.S.-Mexico border. South of about 20°N active subduction is ongoing and seismic velocities are higher (Figure 2 ) than under northern Mexico.
Smaller-Scale Mantle Structure Under the Western United States
[43] Some surface tectonics do not have any expression in the long-wavelength velocity anomalies. For example, neither NA00 Figure 8 . Maps at 110 km depth for the western United States for the three velocity models NA00 (V S ), BSE-NL (V P ), WUS00 (V P ) and a composite model of NA00 and WUS00 (V S ) and temperatures inferred from the composite V S model and BSE-NL for the acgl composition and Q 1 anelasticity model. Velocity anomalies are shown in m/s relative to the average velocity in this region (V P = 4.29 km/s, V S = 7.99 km/s). Areas where no velocities are resolved are left white. Gray lines mark physiographic boundaries, black lines state boundaries (courtesy of K. Dueker). Yellow triangles show the location of Holocene volcanoes [Simkin and Siebert, 1994] . See color version of this figure at back of this issue.
nor BSE-NL shows a distinct anomaly under Yellowstone, although low velocities under the eastern Snake River Plain are mapped (Figure 2) . The subducting Juan de Fuca slab off the coast of Washington is imaged in BSE-NL, but it contributes only a minor anomaly to NA00 for reasons discussed in section 4.2. The model WUS00 fills these voids since it is based on data from dense networks allowing resolution of small-scale lateral variations in velocity. WUS00 is a model of velocity anomalies and needs to first be converted into absolute velocities to enable interpretation in terms of temperature. Subsequently, we comment on the main features of smaller-scale thermal structure under the western United States.
5.2.1. Thermal interpretation of WUS00.
[44] WUS00 is a velocity anomaly model relative to a regional background. The background model chosen must reflect the relatively slow western North American regional velocity structure. Figure 8 shows velocity anomalies from BSE-NL and NA00 relative to a average one-dimensional (1-D) western U.S. reference model to make visual comparison with WUS00 velocity anomalies easier. It is clear from Figure 8 that the wavelengths of the velocity anomalies decrease from NA00 to BSE-NL and further to WUS00. NA00 includes only larger-scale features (dimensions >200 -300 km), WUS00 shows only smaller-scale features (dimensions <100 -200 km), and BSE-NL shows elements of both the other models. Tests that we performed show that the small-scale features seen in WUS00 are too small to be resolved by the waves used for constructing NA00; that is, they fall within the null-space of model NA00. On the basis of the lack of large-scale trends in WUS00 we presume the opposite is also true; that is, that the long-wavelength features from NA00 fall in the null-space of WUS00. This validates the approach of Dueker [1999] , who superimposed an earlier version of WUS00 on the longwavelength V S model of Grand [1994] to provide an image of structure at all scales. We construct an updated composite model by superposition of WUS00 anomalies on NA00, after converting dV P to dV S , using dV S /dV P calculated from the NA00 temperature field (Figure 8 ). The composite NA00 + WUS00 model is inverted for temperature and allows for a better comparison with temperatures from BSE-NL. Using a different background model for WUS00 will affect the estimates of absolute temperature more than of lateral temperature differences. At the high-temperature end (temperatures of 0.8 -0.9T solidus ) the estimates of temperature differences are affected as well due to the nonlinear dependence of velocity on temperature.
5.2.2. Yellowstone/Snake River Plain.
[45] WUS00 includes a strong low-velocity anomaly centered under the Yellowstone Caldera (Figure 8 ), which seems consistent with its extreme volcanic activity that has been attributed to the presence of a deep-seated mantle plume. Temperatures inferred from NA00 + WUS00 exceed the dry solidus around 50 km depth. BSE-NL and NA00 do not show the small-scale Yellowstone anomaly but do map temperatures which at 50 km depth approach the dry solidus under the eastern Snake River Plain (Figure 7) , where WUS00 has low-velocity anomalies as well (Figure 8 ). Except for the local above solidus temperatures predicted by NA00 + WUS00 under Yellowstone, the temperatures under the region are similar to those under the Basin and Range and do not exceed an average mantle adiabat within our uncertainties. Limited resolution hampers imaging of a possible deeper plume structure under Yellowstone. In both BSE-NL and NA00 + WUS00 the anomaly under the Snake River Plain is a significant low-velocity anomaly down to $250 -300 km depth.
5.2.3. Basin and Range.
[46] WUS00 has a high-velocity anomaly in central Nevada, where lower surface heat flow and higher velocities in BSE-NL are also observed (Figure 8 ). This high-velocity anomaly is strong enough to give a signature in the composite NA00 + WUS00 model and translates into temperatures that are 100 -200°C lower than the surroundings (Figure 8 ). WUS00 also resolves small-scale low velocities which correlate well with the locations of recent volcanism along the edges of the Basin and Range (Figure 8 ) [Humphreys and Dueker, 1994a] . In the composite model NA00 + WUS00 several of these anomalies give temperatures that exceed the dry solidus in the 50 -100 km depth range. This indeed lends credence to the presence of small-scale melt pockets, for example, along the western edge of the Colorado Plateau and in the northern part of the Rio Grande Rift.
5.2.4. West Coast anomalies.
[47] The Juan de Fuca slab under Washington has a clear expression in both the composite model NA00 + WUS00 and in BSE-NL, and both models give consistent slab temperatures (Figure 8 ). At 50 km depth the temperature of the Washington slab is estimated to be 800 -900°C, i.e., in the range expected for the relatively young slab material that is subducted at the trench at present. At 250 km depth, slab temperature has increased only slightly to 1000 -1100°C (Figure 7) . The expression of the southern part of the slab under Oregon is weak (see WUS00 and BSE-NL in Figure 8 ). The variation in strength of the slab-related velocity anomalies is consistent with the decreasing age (and therefore increasing temperature) of the subducting plate from Washington to Oregon [Atwater, 1989] .
[48] The two small-scale low-temperature anomalies under California (corresponding to circles 3 and 11 in Figure 4 ) are intriguing and have been noted in previous tomographic studies of California [e.g., Benz and Zandt, 1993; Dueker et al., 1993] . The small dimensions and strong lateral thermal gradient of over 2°C/ km at a depth of 110 km implies that the anomalies have a relatively young (10 -20 Ma) origin. Young age and small lateral extent of the anomalies seem more consistent with the signature of a convective instability [Zandt and Carrigan, 1993] than of a part of the Farallon plate [Benz and Zandt, 1993] , which would have subducted at 20 -30 Ma.
[49] High temperatures of 1100 -1300°C at 50 km depth under the California Coast Ranges just south of the Mendocino Triple Junction (location of circle 4 in Figure 4 ) are inferred from NA00 + WUS00 and from BSE-NL. Such temperatures are consistent with the evolution of a shallow slabless window under the Coast Ranges, as the triple junction migrates northward [Lachenbruch and Sass, 1980] .
Discussion

Fluid Content
[50] The large discrepancy between T P and T S under the Cascades described in the section 5.1 was attributed to the presence of fluids. Using published partial derivatives of velocity variations in response to the presence of fluids/melt a first-order estimate of the amount of fluids present can be made. If we assume that the temperatures inferred from V P and heat flow are a reasonable approximation of the thermal state of the mantle under the Cascades, a 9 -13% low shear velocity anomaly has to be explained by the presence of fluids. This nonthermal dV S corresponds to a 1.5 -2.0% fluid fraction using the derivatives of Hammond and Humphreys [2000] . Estimates of @lnV S /@lnV P for the effect of fluids range between 2 and 2.3 [Goes et al., 2000; Hammond and Humphreys, 2000] . This relative sensitivity of V S and V P to fluids/melt is not different enough from the relative sensitivity to temperature, @lnV S /@lnV P = 1.3 -2.0 [Goes et al., 2000] , to explain the very strong V S anomaly and the mild V P anomaly under the Cascades. However, @lnV S /@lnV P could be larger if the effect of fluids on melting temperature leads to a lowering of Q S [Karato and Jung, 1998 ]. Thus it seems likely that part of the difference between the T P and T S estimates obtained under the Cascades is due to the presence of fluids, but some of the discrepancy may be attributable to imaging effects on V P and/or V S .
ETG 2 -10 GOES AND VAN DER LEE: NORTH AMERICAN MANTLE TEMPERATURES
The difference between T P and T S under the Gulf of California gives similar estimates of 1.5 -2.0% for the melt and fluid content. Under the Basin and Range a maximum estimate of the fluid/melt content of 1.3% is obtained when Q 1 is used to determine the thermal contribution to @lnV S /@lnV P . However, the difference between T P and T S under the Basin and Range is relatively small (Figure 7 ) and may be close to zero if the Q 2 model applies (Figure 3) , thus not requiring any fluids to explain V P and V S simultaneously.
Isostasy
[51] Although isostatic effects of variations in crustal structure can account for a significant part of surface topography there are discrepancies, especially in the continents and specifically under North America [Humphreys and Dueker, 1994a; Mooney et al., 1998; Lowry et al., 2000] that are generally attributed to shallow upper mantle structure. We modeled Airy isostatic uplift for North America, using the crustal structure from CRUST5.1 ], and the mantle density structure from the thermal models derived from NA00 and BSE-NL.
[52] Thermal mantle structure down to 250 km depth inferred from NA00 predicts a difference in topography of $1.5 km between the Basin and Range in Nevada and the Midcontinent. For a primitive garnet peridotite composition the thermal structure leads to a difference in average mantle density between 3380 and 3450 kg/m 3 . When the effect of crustal structure (i.e., density and thickness) from CRUST5.1 ] is added, the difference in topography increases to $3 km (Figure 9 ). The highest elevations are now predicted in the south and central Rocky Mountains due to the combination of thick crust and relatively warm mantle and the predicted elevation of Nevada is $2 km above the Midcontinent. The large-scale differences in topography predicted by isostatic compensation of crust and thermal mantle density structure agree quite well with the observed topography for most of the continent, with the exception of two areas (Figure 9 ). In the modeled elevation the Canadian Shield/northern part of the North American craton lies $1 km too low relative to the Midcontinent south of the Great Lakes and the coastal regions of the Gulf of Mexico lie $1 km too high (Figure 9b ). The low model elevation of the Canadian Shield is the effect of dense cold mantle that is only partially compensated for by the crust, which is only 30 km thick as opposed to $40 km under the Midcontinent. Thus an additional source of buoyancy is necessary to increase model elevations. Such buoyancy can be easily supplied by a more depleted mantle composition of the lithosphere under the Canadian shield than under the rest of the continent [Jordan, 1979] . We estimate that a decrease in iron content of 1% (from Mg number 89 to 90) over the depth range from the Moho to 250 km depth is sufficient to elevate the Canadian craton by 1 km. As only the integrated effect can be estimated, a stronger depletion, as often found in xenoliths [Griffin et al., 1999] , over a smaller depth range is equally possible. The high predicted elevations of the Gulf of Mexico and the gulf coast may be due to the use of a crustal thickness that is too large. The more detailed crustal model of Chulick and Mooney [1998] has a thinner crust in the gulf region than the 40 km thickness given in CRUST5.1. Structure below the compensation depth assumed in our isostatic calculation, e.g., from the cold Farallon lithosphere at 300 -400 km depth [van der Lee and Nolet, 1997a] could also contribute to the lower than predicted elevation.
[53] We find that down to at least 250 km depth the mantle under the Basin and Range Province is on average 200°C warmer than the surrounding continental mantle (Figures 2 and 7) . This relative variation in temperature together with CRUST5.1 is sufficient to account for the gross features of the relative elevations within the western United States. That is, our thermal mantle structure can explain the elevation of the Basin and Range relative to coastal California and the elevation of the Basin and Range relative to the Rocky Mountains. The high temperatures readily explain the over 2 km of mantle-induced topography that Lowry et al. [2000] infer under the center of the U.S. Basin and Range Province. Kaban and Mooney [2001] also find a strong low mantle density anomaly in about the same location. The low velocities related to these high temperatures persist no deeper than 350 -400 km [van der Lee and Nolet, 1997a] .
Conclusions
[54] Observational constraints on the thermal state of the lithosphere have traditionally been surface heat flow measurements. This work and other recent efforts [e.g., Sobolev et al., 1996; Koper et al., 1999; Goes et al., 2000; Roth et al., 2000] show that seismic velocity models are starting to be well-enough resolved to provide an alternative source of information of isostatic topography calculated from the NA00 thermal mantle structure down to 250 km using an undepleted (pgp, Table 1 ) composition and CRUST5.1 ] crustal density structure. As a reference profile, a mid-oceanic ridge at a water depth of 2.5 km was used. Note that for western North America the relative topography is modeled quite well by thermally controlled mantle density variations and variations in crustal structure. This is not true under eastern North America, where T S gives mantle densities that are too large under the Canadian cratonic part to explain observed topography and densities that are too small under the coastal region of the Gulf of Mexico.
temperatures not only in the lithosphere but also below the lithosphere. Under most of North America, temperatures inferred from tomographic models for V P and V S agree within ±150°C. Uncertainties in experimental elastic and anelastic parameters and in seismic velocities do not allow us to constrain absolute temperatures from seismic velocities any tighter than ±150°C, although lateral temperature differences are better determined. The range in seismically estimated temperatures for the North American lithosphere agrees well with the range derived from surface heat flow measurements. The agreement between the three independent temperature estimates (from V P , V S , and heat flow) confirms that variations in shallow mantle seismic velocities are mainly the result of variations in temperature.
[55] We find that mantle temperatures at 50 -100 km depth under the western United States are on average 500°C higher than under eastern North America. The thermal thickness of the lithosphere (defined as the depth of the 1200°C isotherm) is only 50 km or less under the Basin and Range, Rio Grande Rift and the eastern part of the Snake River Plain. The thermal lithosphere under the North American craton near the border with Canada is 200 -250 km thick. Minimum temperatures under the craton are 400 -500°C at 50 km depth, while temperatures in stable eastern North America away from the craton are 700 -1000°C at 50 km depth. In the absence of any tectonic activity in interior eastern North America over the last 1 Gyr the observed variations in lithospheric temperature may be sustained by variations in lithospheric thickness that are a relict of Precambrian tectonics and are compositionally or rheologically stabilized. Isostatic calculations that account for crustal structure and thermal mantle structure down to 250 km depth yield elevations for the Canadian Shield that are 1 km below the elevation of the Midcontinent, while observed topography is no more than a few hundred meters. Additional buoyancy of the lithospheric mantle of the Canadian craton equivalent to an average 1% depletion in iron over a 50 -250 km depth range eliminates the difference in modeled isostatic elevation.
[56] Under the western United States the regional velocity model WUS00 complements NA00 and BSE-NL with information on smaller-scale (50 -100 km) velocity structure. Low seismic velocities under the Basin and Range that continue down to 300 -400 km depth give temperatures following a 1300°C mantle adiabat in the 50 -250 km depth range we investigated. Within the ±150°C uncertainties none of the temperatures under the western United States exceed the mantle adiabat, but they are around 200°C higher than the temperatures of the surrounding continental mantle. Widespread melting is not required to reconcile P and S wave velocities under the western United States, but small-scale velocity anomalies indicate that locally $1% melt could be present, for example, under the southwestern edge of the Colorado Plateau, parts of the Rio Grande Rift, and under Yellowstone. The high temperatures under western North America over a depth range of 250 km are sufficient to account for the long-wavelength high topography of the western part of the continent and variations in mantle temperature together with variations in crustal structure can account for the relative elevations. Under the Cascades and the Gulf of California, S wave velocities between 50 and 100 km depth provide evidence for the presence of 1 -2% fluids (water and melt) on a larger scale. The discrepancies in temperatures inferred from V P and V S under the Wyoming craton and extending toward the Colorado Plateau are enigmatic and cannot easily be explained by either hydration or anisotropy. Both thermal models were smoothed over a length scale of 300 km using a moving Gaussian window. Temperatures may be unreliable in the hatched regions where T S and T P differ by more than 150°C. The acgl composition and Q 1 anelasticity model were used for the interpretation of the seismic velocities. ETG 2 -3 Figure 8 . Maps at 110 km depth for the western United States for the three velocity models NA00 (V S ), BSE-NL (V P ), WUS00 (V P ) and a composite model of NA00 and WUS00 (V S ) and temperatures inferred from the composite V S model and BSE-NL for the acgl composition and Q 1 anelasticity model. Velocity anomalies are shown in m/s relative to the average velocity in this region (V P = 4.29 km/s, V S = 7.99 km/s). Areas where no velocities are resolved are left white. Gray lines mark physiographic boundaries, black lines state boundaries (courtesy of K. Dueker). Yellow triangles show the location of Holocene volcanoes [Simkin and Siebert, 1994] . ETG 2 -9
